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The killer trait in paramecia, which was first described by Sonneborn in 1936 (23) , presents a major genetic and microbiological problem. Probably the best elucidated system is the system of the kappa particles. These particles, initially described as "plasmagenes" and subsequently described as parasitic bacteria, iqhabit the cytoplasm of killer paramecia (22) . i A bacterial nature of these particles is now well established (18) . Kappa particles are obligate endosymbionts which cannot be cultivated outside their host protozoa. A distinct fraction of the kappa particle population contains a refractile inclusion body (R body), whose function is thought to be release of a toxic substance into the cytoplasm of susceptible paramecia upon ingestion of the particles (18) . The R body consists of a convoluted proteinaceous ribbon which is unique in nature. It is of taxonomic importance because it is the morphological characteristic which permits differentiation of kappa particles from other endosymbionts of the Paramecium aurefia species complex. Kappa particles are present in four species of the genus Caedibacter Preer and Preer (18; J. R. Preer, Jr., and L. B. Preer, Int. J. Syst. Bacteriol., in press). The origin of R bodies is assumed to be a group of defective prophages and extrachromosoma1 deoxyribonucleic acid (DNA) elements (19) . The resistance of the killer paramecia to their own toxin is thought to be due to interactions between the extrachromosomal genes of Caedibacter and the nuclear genes of the killer paramecia (1 8) .
Recently, we reported the isolation of a new hydrogen-oxidizing bacterium (strain 2K1) containing R bodies (12,13). This free-living bacterium is also infected by a defective phage. More recently, we demonstrated a toxic effect of strain 2K1 on susceptible paramecia from stock 152 (11). Thus, the R bodies of strain 2K1 and the Caedibacter R bodies not only are morphologically similar but also have a similar function.
In this paper we compare the physiological properties of strain 2K1 with those of related hydrogen-oxidizing bacteria, as well as with those of the members of the genus Caedibucter. Taxonomically, the results suggest that strain 2K1 represents a new species of the genus P seudomonas. Further studies of this organism are needed to elucidate the killer function and the interactions between the bacteria and their defective phages, especially at the genetic level.
MATERIALS AND METHODS
Bacterial strains. Pseudomonas sp. strain 2K1 has been described previously (12, 13), and a culture of this strain was deposited with the Deutsche Sammlung von Mikroorganismen, Gottingen, Federal Republic of Germany, under the number DSM 2082. Pseudornonus p s e u d o j a w GA3 (= DSM 1034) (2) The basal medium used for growth was the mineral medium described by Schlegel et al. (20) . One milliliter of trace elements solution SL6 of Pfennig (17) concentrated 10-fold was added to 1 ml of medium. The conditions used for autotrophic growth have been described previously (13). For heterotrophic growth, the medium was supplemented with the organic substrate at a final concentration of 1% (wthol) unless otherwise stated, and the atmosphere was air. In addition, the complete medium contained 0.25% (wti vol) yeast extract, 0.25% peptone, and 0.25% sodium succinate. Solid media contained 1.5% agar (Difco Laboratories). Nutrient broth (Difco) was also used. The incubation temperature was 30°C.
For growth studies, cells were cultivated in 300-ml Erlenmeyer flasks containing 30 ml of medium with reciprocal shaking (80 strokes per min) in a Gallenkamp thermocontrolled water bath.
The production of acids from sugars was determined as previously described (3), as was the ability to denitrify (24). Other biochemical features were examined by using the procedures of Cowan (6). The polyp-hydroxybutyric acid contents of the cells were determined by the method of Law and Slepecki (14) . Crude extracts were prepared from autotrophicall y grown cells harvested in the exponential growth phase. The analysis for cytochromes in the membrane fraction and the soluble fraction at room temperature was also performed as previously described (4). Hydrogenase activity was measured both photometrically and manometrically (21) .
Autotrophically grown cells cultured in a Braun Biostat fermentor (13) or cells grown heterotrophically in a Microferm fermentor (New Brunswick Scientific Co.) were used for determining the gas consumption rates and the hydrogenase activity. The conditions used were those described by Aggag and Schlegel (1) .
DNA was isolated, and the guanine-plus-cytosine (G+C) content of the DNA was determined by the thermal denaturation method of Marmur and Doty (15) . DNA-DNA reassociation was performed as previously described (2) , and the degree of binding was calculated by using the formula of DeLey et al. (7).
RESULTS
From soil samples collected near Barcelona, Spain, hydrogen-oxidizing bacteria were isolated after applying the usual enrichment techniques (la, 9) and using the standard medium (20) . In the course of morphological studies, strain 2K1 aroused attention because it contained spiral bodies. The latter were characterized on the basis of thin-section electron microscopy (12), and their similarities to the R bodies of kappa particles of paramecia were noted (13).
Exponentially growing cells of strain 2K1 are rod shaped, (length, 1 to 3 pm; width, 0.5 pm) ( Fig. 1 ). In the stationary phase of growth in yeast extract peptone succinate complete medium, filamentous forms (approximately 10 to 15 pm long) and coccoid forms (0.3 to 0.5 pm in diameter) occasionally appeared ( Fig. 2 and 3) . Spheres approximately 1 pm in diameter resembling spheroplasts also were observed ( Fig. 4 and 5); these spheres were stainable with malachite green. The Gram reaction was negative; only the polar regions were slightly stained. The cell wall ultrastructure indicated a typical gramnegative organization (12).
In the early growth phase, the cells were motile by means of a single polarly or subpolarly located flagellum (Fig. 1) . In a few cases a flagellum was observed at each pole. The flagella were 3 to 5 pm long and 14 to 15 nm in diameter. Numerous pili 7 to 8 nm in diameter LALUCAT, PARES, AND SCHLEGEL INT. J . SYST. BACTERIOL. and of varying lengths were observed, primarily in the polar regions (16) . Polyphosphate and poly-P-hydroxybutyric acid granules were easily detected. The colonies were small (1 to 2 mm in diameter under autotrophic conditions and 2 to 3 mm in diameter under heterotrophic conditions) and yellow, and after 4 days of growth they were characterized by an undulate margin and a convex central elevation.
The biochemical properties of strain 2K1 are summarized in Table 1 , and the utilization of various sugars and organic acids as sole carbon sources is presented in Table 2 . Among the compounds utilized were nine sugars. Acid was produced under aerobic conditions from several sugars which supported growth. No acid was formed from arabinose, fructose, ribose, or xylose. Cytochromes of the u (600 nm), h (562 nm), and c (550 nm) types were found in the membrane fraction, and cytochromes of the u and c types were found in the soluble fraction of autotrophically grown cells. The growth rates with organic substrates were higher than the growth rate obtained with hydrogen plus carbon dioxide (Table 3) . In shaken Erlenmeyer flasks under autotrophic conditions, growth rates of 0.11 h-' were measured; in a 10-liter Braun Biostat fermentor, growth rates of up to 0.17 h-' were reached. The temperature for optimal growth was 33°C under autotrophic conditions and 37°C under heterotrophic (sucrose) conditions, Heterotrophic growth occurred up to 40°C but not at 42°C.
Autotrophically grown cells had a specific gas uptake rate of 1,400 pl of gas (HZ,O2, and CO?) per h per mg of protein; in the absence of CO2 the uptake rate was only 12% lower (1,238 pl of H2 and O2 per h per mg of protein), indicating the absence of a respiratory control effect (3). With methylene blue as the acceptor, the specific hydrogen uptake rate was 2,340 pl of H2 per h per mg of protein. Hydrogenase activity was found only in the membrane fractions of the crude sonic extracts and amounted to 2,824 pl of H2 per h per mg of protein. N o reduction of nicotinamide adenine dinucleotide with HZ could be detected, either in the soluble fractions or in the membrane fractions. Hydrogenase activity was also found in heterotrophically (sucrose or gluconate) grown cells; the hydrogenase activities measured in cells during the logarithmic and stationary growth phases were one-third of the activity of autotrophically grown cells.
The G+C content of the DNA of strain 2K1 was 60.2 mol%. The DNA hybridization between strain 2K1 and P . pseudoflavu GA3 was low; the degree of binding, as calculated from the renaturation rates, was only 45%.
By using electron microscopic inspection of very old, heterotrophically grown cultures (1-month incubation) or after treatment with mitomycin C, phage tails and empty phage head-like particles with a diameter of 78 nm were detected occasionally. The morphologies and dimensions of these particles have been studied previously (13). Complete phage with contracted tails were encountered in only one sample. Suspensions containing these phage like structures did not have a lytic effect either on strain 2K1 cells or on related yellow-pigmented hydrogen bacteria (strains of P. pseudofluvu, P. Java, P. palleronii, and A . puradoxus). Ultraviolet irradiation (13) or a temperature shift (42°C for 30 min) did not induce phage like structures or phage formation.
DISCUSSION
The morphological and physiological properties of strain 2K1 fit the description of the genus Psecrdornonas given in Bergey 's ManL4d of Drterminative Bacteriology, 8th ed. (8). This organism is a gram-negative rod-shaped bacterium, is motile by means of a single polar flagellum, has exclusively respiratory metabolism, forms no spores, and is oxidase and catalase positive. With a G + C content of 60 mol%, it is well differentiated from other yellow-pigmented, polady flagellated, mesophilic, hydrogen-oxidizing bacteria, such as P . pseudoJava (G+ C content, 66.5 to 68 mol%), P.JInva (67.3 mol%), Pserrdomonas hydrogenovora (62.5 mol%), and P. pulleronii (66.8 mol%).
Strain 2K1 has in common with P . pserrdo- 20% (vol/vol) oxygen, and an optimum temperature of 37°C. These characteristics exclude any relationship of strain 2Kl to strains of the known species of the genus Pseudomnnas and to other hydrogen-oxidizing bacteria (la, 2, 5 ) and indicate a close relationship to P. pseudoflava. However, strain 2K1 differs remarkably from P. pseudojava strains in some biochemical characteristics, by the presence of R bodies, and by a tendency to pleornorphism. In strain 2K1 pleomorphism can be explained by the fact that the organism carries a defective prophage and can produce nonviable phage like particles, whose induction promotes the formation of spheroplast-like structures and, probably, of filamentous forms. The latter occur abundantly after treatment by ultraviolet irradiation; 5 to 10 R bodies are formed per filament (13). The spheroplast-like forms are probably cells lysed by phage induction, and in most cases they contain R bodies. The coccoid forms resemble the minicells produced by other bacteria in which plasmids have been detected (10). The 45% DNA-DNA homology between strain 2K1 and P . pseudojava GA3 excludes a close taxonomic relationship between these strains, although the difference in G + C content is low (7 rnol%). Only Pseudomonas sp. strain GA6, which has moderate homology (61%) to strain GA3 (2), could be related to strain 2K1, but the culture of strain GA6 has been lost. The genus Caedibacter comprises all R-bodycontaining bacteria that are obligately endosymbiotic with Paramecium hiaureliu and Paramecium tetraurelia (19) . The G + C contents of the DNAs of these bacteria range from 40 to 44 mol%. The members of the genus Caedihacter and free-living strain 2K1 are the only bacteria described so far which contain R bodies. The presence of these conspicuous inclusion bodies suggests a close taxonomic relationship between these organisms, but their physiological properties and G+C contents differ so significantly that any taxonomic relationship can be excluded. As suggested by Preer et al. (18) , the R bodies of Caedibacter may be coded by defective phages or plasmids. The presence of defective phages in strain 2K1 adds another argument in favor of this assumption and supports the hypothesis that the strain 2K1 R bodies are due to the presence of phages of the same type as the phages in Caedibacter. Therefore, we conclude that strain 2K1 belongs to the genus Pseudomonas and represents a new species of yellow-pigmented, hydrogen-oxidizing bacteria. Because of its possession of R bodies and its close similarity to the Temperature for optimal growth: 37°C. Either chemolithoautotrophic, using H2 as the electron donor and C 0 2 as the carbon source, or chemoorganoheterotrophic; strictly respiratory in metabolism, with oxygen as the terminal electron acceptor, or (only heterotrophically) with denitrification of nitrate. The hydrogenase is membrane bound and is not nicotinamide adenine dinucleotide specific. COZ is fixed autotrophically via the ribulose bisphosphate cycle. Among the hydrogen-oxidizing bacteria, this organism is outstanding because of its ability to utilize nine sugars; many organic acids and amino acids are also used. Catalase and oxidase are produced. Gelatin is hydrolyzed, but casein, starch, esculin, and poly-P-hydroxybutyric acid are not hydrolyzed.
Exerts a toxic effect against strains of paramecia.
Source: isolated from a soil sample collected near Barcelona, Spain.
Strain 2K1 is designated as the type strain for the species. A culture of this strain has been deposited with the Deutsche Sammlung von Mikroorganismen under the number DSM 2082. The description of the type strain is the same as that given above for the species, with the following addition: the G+C content of the DNA is 60.2 mol%.
